The breakdown of Lorentz's and CPT invariance, as described by the Extension of the Standard Model, gives rise to a modification of the dispersion relation of particles. Consequences of such a modification are reviewed in the framework of pulsar kicks induced by neutrino oscillations (activesterile conversion). A peculiar feature of the modified energy-momentum relations is the occurrence of terms of the form δΠ ·p, where δΠ accounts for the difference of spatial components of flavor depending coefficients which lead to the departure of the Lorentz symmetry, andp = p/p, being p the neutrino momentum. Owing to the relative orientation of p with respect to δΠ, the coupling δΠ ·p may induce the mechanism to generate the observed pulsar velocities. Topics related to the velocity distribution of pulsars are also discussed. PACS No.: 11.30.Cp, 11.30.Er, 97.60.Gb, 14.60.Pq The studies of a possible breakdown of the fundamental symmetries in physics represent a very active research area. As suggested by Kostelecký and Samuel, String/M theory provides a scenario in which a departure of the Lorentz invariance might manifest [1] . Recently, these investigations have been reconsidered in the context of D-branes [2], Loop Quantum Gravity [3] [4] [5] , Non-Commutative Geometry [6] , and through the spacetime variation of fundamental coupling constants [8] . For modern tests on Lorentz invariance, see [7] According to Ref.
The studies of a possible breakdown of the fundamental symmetries in physics represent a very active research area. As suggested by Kostelecký and Samuel, String/M theory provides a scenario in which a departure of the Lorentz invariance might manifest [1] . Recently, these investigations have been reconsidered in the context of D-branes [2] , Loop Quantum Gravity [3] [4] [5] , Non-Commutative Geometry [6] , and through the spacetime variation of fundamental coupling constants [8] . For modern tests on Lorentz invariance, see [7] According to Ref. [1] , Lorentz's invariance violation (due to non trivial solution of (open) string field theory) follows from the observation that the vacuum solution of the theory could spontaneously violate the Lorentz and CPT invariance, even though such symmetries are satisfied by the underlying theory. The breakdown of these fundamental symmetries occurs in the Extension of the Standard Model, and only operators of mass with dimension four or less [9, 10] are involved in order that the standard model power-counting renormalizability is preserved. In a recent work by Kostelecký and Mewes [11] , it has been studied the general formalism for violations of Lorentz and CPT symmetry in the neutrino sector. The generalized equation of motion for free fermions (neutrinos in our case) is given by (we shall use natural units c = 1 = )
where the spinor ψ B contains all the fields and their conjugates, the indices A and B range over all 2N possibility {f, f C }, being f = e, µ, τ, . . . the neutrino flavors and f 
and
The coefficients a µAB , b µAB , c µν AB , . . . are constants and in general they are flavor depending, and The time evolution of neutrinos is governed by the effective Hamiltonian
where (c L )
is related to the helicity of neutrinos (ǫ 1 and ǫ 1 are two real vectors), while (m 2 ) ab is related to the usual neutrino masses. Details of properties of the coefficients entering in the effective Hamiltonian can be found in [11] . It is worth to note that Eq. (4) involves only the coefficients a, c, g and H, since the other coefficients breaking the Lorentz invariance can be removed, at the leading order, with an appropriate redefinition of fields. Bounds on parameters entering in the Extension of the Standard Model which involve neutrino oscillations have been discussed in [11] [12] [13] [14] [15] . Stringent bounds on the coefficients (a L ) µ and (c L ) µν have been obtained in [11] [12] [13] 
The aim of this paper is to investigate the consequences of the Lorentz invariance breakdown in relation to pulsar kicks induced by neutrino oscillations in matter. The origin of the pulsar velocity is till now an open issue of the modern astrophysics. As follows from the observations, pulsars have a very high velocity, in comparison with the surrounding stars, which may varies from 450±90Km/sec up to values greater than 1000Km/sec [16, 17] . This suggests that nascent pulsars undergo to some kind of kick. After the supernova collapse of a massive star, neutrinos carry away almost all (99%) the gravitational binding energy (3 × 10 53 erg). The momentum taken by them is about 10 43 gr cm/sec. A fractional anisotropy of the order ∼ 1% of the outgoing neutrino momenta would suffice to account for the neutron star recoil of 300Km/sec. Many mechanisms have been proposed to solve such a issue, but a definitive solution is still laking.
An elegant and interesting mechanism to generate the pulsar velocity, which involves the neutrino oscillation physics, has been proposed by Kusenko and Segré [18] . Under suitable conditions, a resonant oscillation ν e → ν µ,τ may occur in the region between the corresponding (ν e and ν µ,τ ) neutrinospheres. The ν e are trapped by the medium (due to neutral and charged interactions) but neutrinos ν µ,τ generate via oscillations can escape from the protostar being outside of their neutrinosphere. Thus, the surface of the resonance acts as an effective muon/tau neutrinosphere. In the presence of a magnetic field B, the surface of resonance is distorted with the ensuing that the energy flux turns out to be generated anisotropically (neutrinos generated in regions with different temperatures are emitted with different energies). Indeed, in a magnetized medium, the resonance condition in matter is modified by a term ∼ B · p, where p the neutrino momentum. The relative orientation of the neutrino momentum with respect to the magnetic field generate the asymmetry in the neutrino emission. The case in which active-sterile neutrinos are involved has been studied in [19] . Papers dealing with the problem of the origin of pulsar velocities, can be found in Refs. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
The effective Hamiltonian (4) suggests a further mechanism to generate pulsar kicks. As we will see, terms breaking the Lorentz invariance give rise to a coupling of the form ∼ δΠ ·p, where δΠ is the difference of spatial components c 0i L , a i L referred to different flavors, andp = p/p, where p = |p|. The relative orientation of neutrino momenta with respect to δΠ determines an asymmetry in the neutrino emission, hence can generate the pulsar kicks. This effect might provide a signature of a possible violation of the Lorentz invariance.
As observed in [19] , oscillations of active neutrinos could be a plausible explanation of the observed pulsar velocities if the resonant conversion ν τ,µ ↔ ν e occurs between two different neutrinospheres. However, the resonant transition between two neutrinoshperes leads to neutrino masses which do not agree with the present limits on the masses of standard electroweak neutrinos. These limits do not apply to sterile neutrinos that may have only a small mixing angle with the ordinary neutrinos [19] . Thus we shall confine ourselves to active-sterile conversion of neutrinos.
Eq. (4) implies that the energy of neutrinos with a given flavor is (we shall consider only the diagonal terms)
with
For our purpose, it is convenient to rewrite Eq. (7) in the form
where
and the relations p 0 ≃ p and c i = c 0i have been used. To estimate the anisotropy of the outgoing neutrinos, one needs to evaluate the energy flux F s emitted by nascent stars. According to Ref. [23] , the asymmetry of the neutrino momentum is
The factor 1/3 takes into account of the fact that only one neutrinos species is responsible for the anisotropy (thus it carries out only 1/3 of the total energy). F s is the outgoing neutrino flux through the element area da of the emission surface. δΠ = Π/|Π| is the direction of the vector δΠ = Π (ν f ) − Π (νs) , whereasn is the unity vector orthogonal to the element area da. The parameter ̺ is the radial deformation of the effective surface of resonance generated by the term breaking the Lorentz invariance Π. It shifts the resonance point r res to r(φ) = r res + ̺ cos φ, with ̺ ≪ r res and cos φ = δΠ ·p. The resonance point r res is determined by the usual resonance condition (MSW effect [31] )
1 is the mass squared difference (in the notation of (13), we shall also indicate sin 2θ = s 2 ). In (12), the potential V ν f is defined as follows
where Y e (Y νe ) represents the ratio between the number density of electrons (neutrinos), and
m n = 938MeV is the nucleon mass and ρ the matter density. For sterile neutrinos one has V νs = 0. The equation of evolution describing the conversion between two neutrino flavors (we consider the conversion ν f ↔ ν s , f = e, µ, τ ) is
where the matrix H is the effective Hamiltonian defined as
up to terms proportional to identity matrix 1 .
1 A comment is in order. The Lorentz invariance violation implies that the propagation of neutrinos depends, in general, on their flavors through the parameters c µν L , aL µ (for the moment, we shall neglect neutrino masses). The velocity is v f = dE dp ≈ 1 − dΩ dp .
Different neutrino species may have different maximum attainable velocities [32, 33] . This occurs if neutrino flavor eigenstates are distinct from neutrino velocity eigenstates, being the two eigenstates related linearly by the mixing angle θv. Thus, the diagonal terms Π (ν f ,νs) ·p in (18) should be replaced by Π (ν f ,νs) ·p cos 2θv, whereas the term Π (ν f ,νs) ·p sin 2θv should appear in the off-diagonal. For simplicity we have taken θv = 0.
As follows from (18), the resonance condition reads
where δΠ ·p = (δa − 2pδc) ·p (20) = |δa − 2pδc| cos φ ,
νs)
and using the resonance condition (12) , one infers (all quantities are evaluated at the resonance)
Inserting Eq. (23) into Eq. (11) one gets
which implies that the fractional asymmetry ∆p/p is ∼ 1% provided
To compute h −1
one has to specify a model for the protostar. To this aim, we assume that the inner core of a protostar is consistently described by a polytropic gas of relativistic nucleon with adiabatic index Γ = 4/3 [34] . The pressure P and matter density ρ are related by [34, 23] 
Here T c = 40MeV and ρ c = 2 × 10 14 gr/cm 3 are the temperature and the matter density of the core, respectively.
The matter density ρ(r) can be expressed in the form [23] (see Appendix)
and r c = 10km is the core radius. The parameter µ is determined by setting ρ(R s ) = 0 (R s the radius of the star)
λ Γ in (30) and (29) is given by
where M c ≃ M ⊙ is the mass of the core (M ⊙ is the solar mass). The temperature profile T (r) is related to matter density ρ(r) through the relation [23] (see Appendix)
where L c is the core luminosity, L c ∼ 9.5 × 10 51 erg/sec, and κ = 5.6 × 10 −9 cm 4 /erg 3 sec 2 ∼ 6.2 × 10 −56 eV −5 . Eq. (32) can be immediately integrate by using (28)
Since p ∼ T (it is assumed the thermal equilibrium between neutrinos and the medium, so that the average energy of the emitted neutrino is proportional to the temperature at the emission point [23] ) and V ef f ∼ ρ, one can rewrite the inverse characteristic lengths h −1 p and h
T and h
. Eqs. (28) and (33) imply (at the resonance)
so that Eq. (26) reads
and the parameter ε = T c /T (r res ) has been introduced. Eq. 
Eqs. (24) and (40), and x res ∼ O(1) (as we shall determine below) yield
The constraints (5) provide η 10 −7 . Eq. (28) admits the solutions x res = 1 and x res = µ/(µ − 1). The first solution is not compatible with (39) since it implies η = ε 2 λ c /λ Γ + 3, so that no real solution there exists for ε. The second one inserted into Eq. (39) yields
Finally, the parameter µ is determined via Eq. (33)
from which one gets µ ≃ 17.21 (hence x res ∼ 1.1 ∼ O (1)). Fig. 1 shows the values of the parameter µ for varying η.
As one can see, µ approximates to 17.21 as η 10 −7 . From the above results, one infers T (r res ) ∼ 1.2 T c , r res ∼ 0.9 r c , R s ∼ 1.4 r c .
Let us now discuss the obtained results in relation to the velocity distribution of pulsars. At the moment, the statistical analysis of pulsar population neither support nor rule out any model/mechanism proposed to explain pulsar kicks. This is essentially due to the lacking of correlation between neutron star velocity and the other properties of neutron stars (see for example [35] for a general discussion and references therein).
Concerning the coefficients for the Lorentz violation, it is convenient to adopt a standard inertial frame with respect to which experimental measurements of these coefficients are reported [36] . In this frame the coefficients a L and c L (hence δa L and δc L ) point along all possible orientation 2 . Usually, it is assumed that Lorentz violating parameters are independent on position [11] [12] [13] . Nevertheless, as discussed by Kostelecký, Lehnert, and Perry in [8] , they may also exhibit a space-dependence, such that they may take arbitrary different values for pulsars at different places.
These considerations entail two basic features:
• A priori there is no favored direction for the Lorentz violating coefficients. This results in a uniform distribution of pulsars, in agreement with statistical analysis performed in Refs. [17, 35, 37 ].
• The mechanism proposed in this paper does not require any correlation between the velocity V and other physical parameters of pulsars, such as for example, the magnetic field B. The reason is essentially due to the fact that in the Standard Model Extension, the coefficients a In particular, in the papers [11, 12] it has been studied the general theory with a scale (they can be regarded as vacuum expectation values of tensor operators arising from the spontaneous breaking mechanism). As a consequence, a correlation among the coefficients a µ L and c µν L and the parameters characterizing the pulsar properties, in particular the magnetic field, is not necessarily expected. Such a result, indeed, seems to be corroborated by recent analysis of Refs. [17, 35, 37] in which it is pointed out the apparent lack of evidence in favor of the B − V correlation 3 .
In conclusion, the origin of pulsar velocities has been studied in the framework of Standard Model Extension. The effective Hamiltonian for the time evolution of neutrinos (see Eq. (4)) gives rise to a term of the form ∼ δΠ · p. The relative orientation of neutrino momenta with respect to δΠ leads to the fractional asymmetry necessary to the generate the observed pulsar motion. Future observations and statistical analysis on the velocity distribution of pulsars might provide a scenario in which the Lorentz and CPT invariance violation, as suggested by Kostelecký, might be tested on astrophysical scales.
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APPENDIX: THE POLYTROPIC MODEL
The aim of this Appendix is to recall the main topics of the polytropic model which describes the inner core of a protostar. To this end, we shall refer to the paper by Barkovich, D'Olivo, Montemayor and Zanella [23] . The relevant equations for the description of an isotropic neutrinosphere are the equation for the hydrodynamical equilibrium
where M (r) = 4π r 0 dr ′ r ′ 2 ρ T (r ′ ) (ρ T is the total density of matter), the equation for the energy transport
and the equation for the flux conservation
where L c is the luminosity of the protostar. The equation of state with adiabatic index Γ is [34, 23] 
where T c and ρ c are the temperature and the matter density of the core. From Eqs. (A4) and (A1) one gets
where M c is the core mass. A function which represents an extremely good approximation for ρ is given by [23] 
where m(r) = µ+ (1 − µ)r c /r. Notice that m(r c ) = 1. The parameter µ is determined by using the equation ρ(R s ) = 0 (R s is the radius of the star), i.e.
Eq. (A6) can be easily recast in the form
where the coefficients a ′ , b ′ , c ′ are defined in (29) . Eqs. (A3) and (A2) allow to infer the temperature profile
with ρ given by (A8). 
with χ(r c /r) defined in (34) . irrelevant owing to the fact that the physics is coordinate invariant, and in particular is observer Lorentz invariant [9] . In the presence of particle Lorentz symmetry breakdown [9] , it is advisable to adopt a standard inertial frame with respect to which experimental measurements of the coefficients for Lorentz violation are reported. It is conventionally taken as a Sun-centered celestial equatorial frame (T, X, Y, Z), with Z-axis oriented along the Earth rotating axis, and X-axis directed along the vernal equinox [11, 14] . The coefficients for the Lorentz violation in any inertial frame can be related to those in the standard Sun centered frame by an appropriate Lorentz transformation [14] . Since neutrino oscillations in the presence of Lorentz violation can exhibit orientation-dependent effects (as discussed in this paper, Lorentz and CPT invariance violation induce a dependence on the relative orientation of the neutrino momenta p i with respect to vectors δa i L and δc i L (or their combinations)), it is also convenient to define a standard parameterization in the Sun centered frame for the direction of neutrino propagationp, and the ǫ1 and ǫ2 vectors [11, 14] 
